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ON THE EMERGENCE AND SUBMERCENCE
OF THE GALÁPAGOS ISLANDS
By: Dennis Geist
INTRODUCTION
The age of sustained emergence of the individual
Galápagos islands above the sea is an important issue in
developing evolutionary models for their unique terres-
trial biota. For one, the age of emergence of the oldest
island permits estimation of when terrestrial organisms
may have originally colonized the archipelago. Second,
the ages of the individual islands and minor islets are
required for quantitative assessments of rates of coloni-
zation and diversification within the archipelago.
Emergence is not a straightforward geologic problem,
because the islands constitute an extremely dynamic en-
vironment - the shorelines that we see today are transient
features in a geologic (and evolutionary) time frame. It is
beyond doubt that presently isolated islands were at one
time connected, presently connected mountains were
separated, and ancient islands have sunkbelow sea level.
Unfortunately, the details of the emergence, submergence,
connection, and isolation of the individual islands are
nearly impossible to reconstruct with certainty because
most of the evidence is under water or buried beneath
young lava flows. Nevertheless, it is instructive to spec-
ulate on these issues, in order to address the range of
possible features that might be expected.
emerge above the sea due to two principal effects. First,
as the Nazca plate travels over the Galápagos hotspot, the
seafloor rises due to thermal expansion. The Galápagos
thermal swell is predicted to be only 400 m high (Epp,
1984). The sea floor to the west of Fernandina is about
3200 m deep, so 2800 m of lava needs to pile up on the
swell for an island to form. In reality, much more magma
is required, because as lava erupts from an oceanic volca-
no, the extra weight causes the earth's crust to sag into the
mantle, forming a deep root. Feighner and Richard s (799a)
estimate, for example, that the base of the crust is up to 7
km deeper beneath Isabela than it is to the west; in other
words, for every 1 km of elevation growth of a volcano,
about 4 km of "sinking" occurs. But volcanoes also grow
from below, from magmas that freeze underground and
from crystals deposited from magmas during their as-
cent. Crisp (1984) estimates that only 20% of the magma
that intrudes the crust ever erupts from oceanic volca-
noes, which suggests that to a rough approximation
volcano sinking should be balanced by addition of mag-
ma that does not erupt.
Sierra Negra is a good example to begin with, because
the work of Reynolds et al. (1995) has documented the
ages and volumes of the lavas there thoroughly, exploit-
EMERGENCE OF THE
GALÁPAGOS ISLANDS
Inprinciple, the determinationof the age of emergence
of a volcano should be simple: one identifies the oldest
subaerial lava from geologic relationships and determines
its age using radiogenic isotopes. The reality is that none
of the oldest subaerial basalts are currently exposed in
Galápagos but are covered by younger lavas. To com-
pound the problem, absolute dating of Galápagos basalts
is difficult. The lavas are notably poor in potassium, the
most useful element for age determination, and almost
never preserve organic material for 1aC dating. Further,
paleomagnetic techniques are not useful because most of
the lavas exposed on the islands are far younger than
700,000 years. These problems are particularly difficult
for the western islands, and estimation of their emergence
ages must be made by indirect means, including extrap-
olation of their rates of growth.
In order to estimate the rate at which the volcanoes
grow above the sea, it is necessary to establish the various
mechanisms by which the growth occurs (Figure 1). In
the western archipelago, individual volcanoes grow and
Galápagos Hotspot
Figure 1: Schematic illustration of the different factors that lead
to the emergence and submergence of a volcano. 1) Eruption of
lava builds the volcano from its surface. 2) As the oceanic litho-
sphere passes over the Galápagos hotspot, it expands due to
heat from the hotspot. 3) As magmatic rocks cool after eruption
and being carried away from the hotspot, they contract. 4) The
weight of the newly emplaced rocks cause the oceanic lithos-
phere to subside. 5) Anunknownamountof magmais emplaced
into the guts of the volcano, causing it to expand. 6) Sea level
rises and falis, mostly due to interglacial - glacial cycles.
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ing a technique recently developed by our colleague Mark
Kurz that utilizes cosmogenic 3He. The oldest exposed
lava atSierraNegra is onlyabout6900years old, implying
that the voicano is resurfaced every 7000 years. From age
determinations and field determination of lava flow vol-
umes, the growth rate of Sierra Negra is estimated to be
about 1 x 106 rrr3/y (1.,000,000 cubic meters/year). The
subaerial volume of Sierra Negra is about 7 x 1.011 m3, so
the volcano probably emerged less than 700,000 years ago.
Historically (where the calculations are more certain),
Sierra Negra has erupted at a tenfold higher rate, so it is
conceivable that Sierra Negra emerged only 70,000 years
480.
Fernandina is often said to be 700,000 years old, but
this is a misconceptionbecause our only constraint (from
paleomagnetism) is that it is less than 700,000 years old;
how much less is completely uncertain. The subaerial
volume of Fernandina is approximately 9 x 1011m3. Using
an estimated eruption rate of 3 x 1 06 m3 / y (Reynold s, 199 4),
Fernandina couldhave grownfrom sea level to its present
size in less than 300,000 years.
Alcedo is certainly older and less active than the other
western volcanoes. Rocks as old as 150,000 y are exposed
on its surface, and the assumption of constant growth rate
yields an estimate of emergence at200,000 to 300,000years
(Geist et al., 1994). This estimate is likely to be too conser-
vative, because Alcedo could be old enough to have
subsided by other mechanisms (see below), and the tech-
niques used to estimate the emergence ages of the older
islands might be more appropriate (Table 1).
The other western volcanoes are so poorly known that
one can only speculate on their age of emergence. On the
basis of the historical eruption rates, their great altitude,
and their juvenile morphology, Volcan Wolf and Cerro
Azul probably emerged roughly at the same time as
Fernandina, and Darwin intermediate between Alcedo
and Fernandina.
It is important to note that each of the volcanoes of
Isabela may have formed individual islands after they
emerged butbefore they coalesced with their neighbors.
This is particularly obvious at Perry Isthmus, where very
young lavas from Sierra Negra lap onto Alcedo, building
an isthmus of lavas only a few meters above sea level. The
implication is that terrestrial species currently inhabiting
Sierra Negra and Cerro Azulmayhave evolved withlong
periods of isolation from populations of northern Isabela.
Likewise, the very young lavas connecting Volcan Ecua-
dor and Volcan Wolf suggest that Volcan Ecuador may
have originallybeen an isolated islandbefore a lava-bridge
formed. The evidence is less certain for the other volca-
noes, but it is likely that each stood as a separate island for
at least a short time after emergence. It is possible that, in
the future, Fernandina will coalesce with Isabela, as the
water in Bolivar Channel is shallow and could easily fill
with lava. It depends, of course, on whether the volca-
noes will continue to build up lavas more quickly than
they are subsiding.
Table 1. Estimates of years emerged for selected Galápagos
volcanoes.
Volcano Minimum Maximum
Fernandina,
Wolf & Cerro Azul
Sierra Negra & Darwin
Alcedo
Santiago
Rábida
Pinzon
Santa Cruz
Floreana
Santa Fé
San Cristóbal
Española
60,000
70,000
150,000
770,000
1,000,000
1,400,000
2,200,000
1,500,000
2,800,000
2,300,000
2,900,000
300,000
700,000
300,000
2,400,000
2,500,000
2,700,000
3,600,000
3,300,000
4,600,000
6,300,000
5,600,000
The age of emergence of the older islands is bracketed
by two forms of data. First, the oldest exposed subaerial
lavas have been reliably dated by the potassium - argon
technique (most recently compiled by \Â/hite et al., 1993).
These data set aminimum age for emergence. The max-
imum age canbe estimatedusing thehotspotmodef where
it is postulated that each volcano first emerged where
Femandina is now, and has since been carried to its present
positionbythe motionof the Nazcaplate (37 mm / y ;Gripp
and Gordon,1990). The results of these calculations for
the major islands and Alcedo are reported in Table 1.
The maxirnum estimate may be substantially greater
than the true age of emergence, because some of the vol-
canoes may have emerged far "downstream" of
Fernandina. Many of the minor islets, such as Daphne
Major, Champion, and the four Guy Fawkes almost cer-
tairùy emerged well to the east of Fernandina and are
probably no older than several-hundred thousand years.
It was once thought that Española and Santa Fe emerged
due to fault-uplifting of older sea floor (McBirney and
Williams, \969),butithas since been shown that they are
remnants of subaerialshieldvolcanoes, so the ages of their
lavas also reflect minimum ages of emergence. There are
certainly some minor islets that are due to tectonic uplift
of older submarine lavas, namely Baltra, Seymour, and
Plazas. Otherwise, other than minor uplifts at Prmta Es-
pinoza, Urvina Bay, and Villamil, most emergence is due
entirely to volcanism.
The final factor that is important for the emergence of
the islands and islets is the change in sea level driven by
the giacial - interglacial cycles. The glaciers and ice caps
of the earth have advanced and retreated more than 20
times over the past 1.6 million yearsi we are presentþ in
the interglacial paqt of the cycle, as the glaciers are in re-
treat. As the glaciers grow during a glacial interval, water
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from the oceans is incorporated in ice and the overall tem-
perature of the oceans decreases, resulting in thermal
contraction of sea water. As a result of these complimen-
tary processes sea level decreases, and formerly
submerged seamounts may emerge. The amount of sea-
level fall is difficult to predict with confidence owing to
complicated feedbacks. The most relevant data for Galápa-
gos come from Bermuda, which is likewise far removed
from local effects of glaciers and continents. Sea level at
Bermuda has been shown to have been 130 (110) m lower
77,000yearcago, during the last glacial (Fairbanks ,7990).
That glacial was a relatively large one and was superim-
posed on a longer-period fall in sea level (due to a long-term
cooling cycle), so it is unlikely that sea level has been low-
er in the recent (past 10 million years) geologic past. It is
startling to see the map of the glacial Galápagos (Figure
2). Among other things, a series of islets separated by
only several kilometers of open sea extended from Santi-
ago to Daphne Major, and Daphne Major and Santa Cruz
were almost surely connected. This currently submarine
ridge is likely a volcanic fissure that is part of Santiago
volcano, and presumably it is at least as old as the last
glacial maximum. Another interesting feature is that
Fernandina may have been joined with central Isabela,
although this is more uncertain because there may have
been significant additions of lava to Bolivar Channel in
the past 18,000 years. Undoubtedly, several other present
seamounts were exposed, some of which were sizable. A
potentially important impact of the glacial - interglacial
cycles on Galápagos life is that the sea level is thought to
recede slowly (over about 100,000 years) but rises cata-
strophically (over about 10,000 years) (Broeker and
Denton,1989).
It is interesting to speculate on the future. It has been
proposed that the ice caps will recede even further in the
next couple centuries, owing to an anthropogenic green-
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house effect. Melting all of our planet's ice would cause
sea level to rise 70 m. This has been proposed as a "super-
interglacial", because earth has not seen a sea level that
high in the recent geologic past. Such a rise in sea level
would almost certainly isolate northern and southern Is-
abela and possibly drown many of the smaller islets.
Modeling of atmospheric warming drivenby currentfos-
sil fuel use suggests a rise of only 70 cm over the next 100
years (Oerlemans, 1989).
SUBMERGENCE OF THE
GALÁPAGOS ISLANDS
Because it is well known that ocean islands through-
out the world sink with age, the important discovery by
Christie et aI. (7992) of a 10 million-year old drowned
island east of San Cristobal was predictable. Volcanoes
subside due to three principal factors: 1) erosion, 2) flex-
ure of the oceanic lithosphere by the weight of the
volcanoes, and 3) thermal contraction of the oceanic litho-
sphere. Erosionisprobablynot a significantfactorbecause
of the arid climate of the Galápagos, at least until the
volcano nears sea level and wave erosionbecomes impor-
tant. Lava flows one to three million years old on San
Cristobal have the appearance of fresh flows and virtual-
ly no soil formation (Geist etal.,t986), indicating little or
no erosion. The only stream-cut valleys of consequence in
the entire archipelago are on the windward side of San
Cristobal. Because stream-transport of sediment is essen-
tial for denudation, it is unlikely that any significant
erosion has occured in Galápagos.. Likewise, flexure is
not important to consider, because it likely occurs in a
matter of thousands of years after the last eruption.
Subsidence of the sea floor due to thermal contraction
is known to be proportional to the square root of its age
(t1l'z). Elevation data for the Galápagos volcanoes are
consistent with this model (Figure 3). The observed ele-
vations suggest that the Galápagos volcanoes subside at
a rate that can be described by the equation:
Elevation (in meters) =7857 -0.67 * SQRT(age in years)
In addition to the 10 million-year-old submerged is-
land documented by Christie et al. (1992), seamounts to
the east might be as old as 18 million years might have
beenislands y'they subsided atthe same rate as thepresent
Galapagos (Figure 3).
The ultimate question remains: how old is the oldest
Galápagos Island? It has been suggested that the Galápa-
gos hotspot started up about 80 to 90 million years ago
(Duncan and Flargraves, 1984), which would be the max-
imum reasonable estimate of an age for the oldest island.
Some of the rocks thought to be from the start-up are
currently exposed onGorgonalsland, Colombia and oth-
ers are thought to form the floor of the Caribbean Sea. It
should emphasized however that there is no direct evi-
dence that one or islands have been continuously emergent
island for any longer than 10 millionyears, but the idea is
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Figure 3. Elevation of the volcanoes versus the square-root of
their maximum age (Table 1). From the slope of the regression
line the subsidence rate of the islands can be calculated. The
seamounts were not used to fit the regression line.
certainly conceivable, probably more to be expected than
not.
Not only have plate motions carried the rocks far away
from the hotspot, but they have also brought South Amer-
ica closer to Galápagos, at about 3.4 cm/yr. Thus, the
1O-million year old proto-Galápagos Islands lay 340 km
farther from South America than they do today, which
may have affected which species were initially able to
colonize Galápagos.
Finally, I want to emphasize that most of the estimates
presented here depend strongly upon specific character-
istics of the models. That is, the reported ages are based
on very little concrete data, so they should viewed as es-
timates. Thepurposehasbeentopresent arange of rational
possibilities, and the details of diagrams such as Figures
2 and3 are certainly speculative. Nonetheless, they rep-
resent the most reasonable estimates I can come up with
using my present rmderstanding of the islands and how
ocean islands work in general. By far the most important
issue raised is that the map of the Galápagos Islands chang-
es markedly on time scales of 10,000 to 10,000,000 years,
and evolutionary models should take this into account.
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THE ARTHROPODS OF THE ALLOBIOSPHERE (BARREN LAVA
FLOWS) OF THE GALAPAGOS ISIANDS, ECUADOR
By, Stewart B. Peck
INTRODUCTION
Hutchinson (1965) proposed the term allobiosphere
to encompass habitats where photosynthesis is absent
because of environmental extremes, and life is support-
ed only by imported food materials. Examples are the
animal communities of caves, the ocean depths (Edwards
1988), and above the snow-line onmountains (Edwards
1987). The word is based on the Greek " allo" , meaning
different or of another kind, suggesting that these habi-
tats are not operating as parts of the normal biosphere.
Of interest to us here are young and barren lava flows
that have not yet been colonizedby plants.
Howarth (1979) was the first to recognize that recent
lava flows in the Hawaiian Islands are rapidly colonized
by arthropods within months after they have cooled, and
long before the appearance of macroscopic plants. The
animals scavenge on the wind-born (aeolian) fall-out of
organic debris (Swan 1992). T}:re lava flows are barren,
xeric, windy, and subject to both high insolation and large
daily temperature fluctuations (Howarth 1987). The ani-
mals usually are nocturnal foragers and they retreat to
deep cracks and crevices in the daytime. They may feed as
generalized scavengers but some species may also be re-
markably specialized and restricted to such habitats.
Since the work of Howarth on Hawaiian lava flows,
allobiosphere arthropod communities have been found to
